FACS data files are stored at (<https://figshare.com/s/dea1406c002c1d6ea7d8>). All other relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Pregnancy specific-glycoproteins (PSGs) are secreted by the placental syncytiotrophoblast from the time of syncytia formation in the blastocyst until term \[[@pone.0158050.ref001],[@pone.0158050.ref002]\]. Human PSGs levels have been detected in serum as early as 3 days post fertilization and through the course of pregnancy, reaching concentrations of approximately 200 **μ**g/ml \[[@pone.0158050.ref003]\]. Several findings are consistent with a role for human PSGs in the modulation of maternal immune responses during pregnancy \[[@pone.0158050.ref004]--[@pone.0158050.ref006]\]. Depressed PSG levels are also associated with adverse pregnancy outcomes including fetal growth retardation and preterm delivery, suggesting the importance of PSGs for successful pregnancy \[[@pone.0158050.ref007]--[@pone.0158050.ref009]\].

There are ten human PSG genes (named PSG1-9, and 11) clustered on chromosome 19q13.1--13.3 \[[@pone.0158050.ref010]--[@pone.0158050.ref013]\]. Human PSGs are comprised of a leader peptide followed by one N-terminal immunoglobulin (Ig) variable region-like domain (N-domain) and two or three Ig constant region-like domains (A1, A2 and B2 domains)\[[@pone.0158050.ref014]\]. There is pronounced disparity in expression levels between different members of the family and, despite having significant sequence similarity, whether expansion of this gene family reflects selection for increased gene dosage or for diversification of function, remains unknown \[[@pone.0158050.ref015],[@pone.0158050.ref016]\].

The study of PSG9 is of particular interest as its levels have been found by mass spectrometry to differ at 15-weeks' gestation between women diagnosed with early-onset preeclampsia and healthy controls \[[@pone.0158050.ref017]\]. Some PSGs, including PSG1, have been implicated in the induction of transforming growth factor beta-1 (TGF-β1), a cytokine essential to suppression of inflammatory T-cells and important for differentiation of tolerance inducing CD4^+^CD25^+^FoxP3^+^ regulatory T-cells \[[@pone.0158050.ref018],[@pone.0158050.ref019]\]. PSG9 shares significant sequence homology with PSG1's N- and B2- domains, which are crucial to PSG1's ability to induce the secretion and activation of latent TGF-β1 ([Fig 1A](#pone.0158050.g001){ref-type="fig"}). Because PSG9 seems to play a role in the onset of pre-eclampsia and shares homology with PSG1, we hypothesized that PSG9 is important to the induction of immune tolerance during pregnancy. Treatment of both human and murine naive CD4^+^ T-cells with PSG9 increased the number of FoxP3^+^ regulatory T-cells by increasing FoxP3 expression at the protein and mRNA levels. This effect was a direct result of activation of TGF-β1 as a TGF-β1 specific receptor inhibitor prevented the increase in FoxP3 expression. We also observed a significant increase in CD4^+^LAP^+^FoxP3^-^ T-cells, which have been previously determined to have regulatory function \[[@pone.0158050.ref020]\]. In addition, PSG9 reduced the secretion of several pro-inflammatory cytokines and chemokines by CD4^+^ T-cells. The results presented here bring us one step closer to understanding the role of PSGs in the regulation of the immune response during pregnancy, and suggests the possible therapeutic value of PSG9 for treatment of diseases resulting from the breakdown of immune tolerance.

![Comparison of PSG1 and PSG9 sequences and depiction of proteins used in the studies.\
(A) Sequence alignment of human PSG1 and PSG9 (residues 35--415) highlighting the N and B2 domains sequence identity. Sequences corresponding to A1 and A2 domains are also indicated. Potential N-glycosylation sites are boxed in red and the disulfide bond in the B2 domain is marked with a dotted green line. (B) Purified PSG9-Fc and CEACAM9-Fc proteins produced in CHO-K1 cells were loaded into a 4--20% NuPAGE gel. The gel was stained with GelCode Blue to visualize the proteins. C. Schematic representation of the proteins shown in B. The N-terminal IgV domain and the IgC type domains (A1, A2 and B) are shown. Potential N-linked glycosylation sites are indicated as lollipops and the position of Fc protein tag is represented as a box.](pone.0158050.g001){#pone.0158050.g001}

Materials and Methods {#sec002}
=====================

Protein production and purification {#sec003}
-----------------------------------

The PSG9 cDNA encoding the leader peptide, N, A1, A2 and B2 domains (NCBI reference sequence NM_002784) was subcloned into the pFuse-IgG1 e3-Fc1 vector (Invivogen, San Diego, CA, USA) resulting in the in-frame addition of the hinge region, CH2 and CH3 domains (Fc tag) of the mutated IgG~1~ heavy chain. A single cell clone of stably transfected Chinese hamster ovary (CHO)-K1 cells expressing PSG9-Fc was obtained following selection with 250 μg/ml of Zeocin. PSG9-Fc was purified from the supernatant of the PSG9-Fc expressing cell line which was grown on a C2003 hollow fiber cell culture cartridge (FiberCell Systems, Frederick, MD, USA). Production and purification of the control proteins CEACAM9-Fc and FLAG-Fc secreted from stable CHO cells was performed using the same conditions to the ones described for PSG9-Fc and were previously reported \[[@pone.0158050.ref018],[@pone.0158050.ref021]\]. CEACAM9-Fc, FLAG-Fc, and medium only gave the same response in all assays performed and both proteins were used as experimental controls interchangeably. Equimolar protein concentrations of PSG9 and control proteins were employed in most experiments unless indicated otherwise. All recombinant proteins generated for the studies described in this manuscript were purified on protein A columns in an AKTA-Prime system (GE Healthcare). Elution fractions containing the protein were pooled, concentrated and buffer exchanged with PBS in an Amicon Ultra-10K centrifugal filter unit (Millipore). For quantitation purposes, the purified proteins were separated on 4--20% NuPAGE Bis-Tris gels (Invitrogen, Grand Island, NY, USA) at different dilutions alongside known concentrations of BSA, used as standards (Thermo Scientific, Waltham, MA, USA). After staining with GelCode Blue (Thermo Scientific), the proteins were quantitated by densitometry.

Surface Plasmon Resonance assays {#sec004}
--------------------------------

Protein-protein interactions were analyzed by the SPR technique using a Biacore 3000 instrument (GE Healthcare). The experiments were performed as described in \[[@pone.0158050.ref019]\]. Recombinant human LAP and human latent TGF-β~1,~ obtained from R&D Systems, Inc (Minneapolis, MN, USA \[catalog no. 246-LP, carrier-free and 299-LT, respectively\]), were coupled via a standard amine-coupling procedure to the flow cells of a CM5 sensor chip until a level of 1000 resonance units (RU) was reached. A control cell was prepared in the same way but without protein. Tested proteins were injected separately into the flow cell using a flow rate of 10 μl/min at 25°C. Each interaction was analyzed at least 3 times with different protein preparations. Several analyte PSG9 concentrations (6, 4, 2, 1, 0.5 and 0.25 μM) were injected during the association phase for 3 minutes with HBS-EP (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA and 0.005% v/v Surfactant P20) as the running buffer. The dissociation phase, initiated by passage of HBS-EP alone, was carried out over a period of 2 minutes. The chip surfaces were regenerated by a 60 s injection of 10 mM Glycine-HCl pH 2.0. Kinetic data were analyzed using BIAevaluation software v4.1.1. The association (K~a~) and dissociation (K~d~) constants were calculated assuming 1:1 Langmuir binding model. All binding curves were corrected for background and bulk refractive index contribution by subtraction of the reference flow cells.

PSG9-Fc was incubated with the LSKL peptide (GenScript USA Inc.) or a control peptide (SLLK) for inhibition studies. PSG9 at 2 μM was mixed with 10 or 100 fold concentration of peptides for 1 h at 37°C before injection at 10 μl/min over a biosensor chip with immobilized LAP. LAP was coupled via a standard amine-coupling procedure to the flow cell of a CM5 sensor chip until a level of 2000 resonance units was reached. A reference cell was prepared in the same way but without protein. The association and dissociation phases were performed as described above. All binding curves were corrected for background and bulk refractive index contribution by subtraction of the reference flow cell.

Detection of active TGF-β1 and inhibition of TGF-β receptor I {#sec005}
-------------------------------------------------------------

Active TGF-β1 was detected in a cell-free system as previously described \[[@pone.0158050.ref018]\]. Briefly, 50 ng/mL of SLC (R&D Systems, Inc.) was incubated with PSG9-Fc or control protein at the concentrations indicated in the Figure Legends at 37°C for 1 h in a final volume of 0.1 mL PBS in siliconized tubes. The samples were transferred to a 96-well Nunc Maxisorb plate that had been blocked with 0.5% BSA following an overnight coating step with anti- TGF-β1 (R&D Systems, Inc). After 2 h, the plates were washed and the presence of active TGF-β1 was detected with a biotinylated antibody specific for mature TGF-β1 from the DuoSet ELISA kit (R&D Systems, Inc). The presence of bioactive TGF- β was also determined using the TGF-β responsive PAI-1 luciferase reporter mink lung epithelial cell line (MLEC) provided by Dr. D. Rifkin, as previously described \[[@pone.0158050.ref022]\]. In brief, 1.6 x 10^4^ MLEC cells were seeded onto a 96-well plate in serum-free DMEM with 0.1% ITS (Sigma-Aldrich). After 3 h, the MLECs were treated with either DMEM-0.1% ITS (medium control) or different concentrations of PSG9-Fc or CEACAM9-Fc that had been incubated at 37^°^C for 1 h with 50 ng/mL SLC. After 18 h the cells were rinsed with PBS, lysed with Promega Passive Lysis Buffer (\#E1941) and the lysate analyzed on a luminometer (Promega's GloMax) following addition of the luciferase substrate (\#E1501). Recombinant TGF-β1 was also added to the MLECs to generate a dose-response curve from which the luciferase activity could be interpolated.

When indicated, 5 μM SB431542, a specific inhibitor of the TGF-β receptor I, also known as ALK5, was added to the cells for at least 1 hour prior and kept during the duration of the experiment. A treatment group with vehicle (DMSO) was also included.

Murine and Human Cell Culture Conditions to study T~regs~ conversion {#sec006}
--------------------------------------------------------------------

For the study of conversion of naïve CD4^+^ T-cells into T~regs~, spleens were collected from euthanized 12 week old FoxP3-IRES-GFP knock-in mice on C57BL/6 background provided by Dr. Warren Strober (National Institutes of Health) or from healthy 12 week old C57BL/6 mice. Spleens were crushed and passed through a 100 μm cell strainer (Corning, Manassas, VA) and collected in PBS. Cells were treated with ACK lysing buffer (Quality Biological, Gaithersburg, MD) to remove red blood cells. CD4^+^CD25^-^ T-cells were isolated from splenic cells using a mouse CD4^+^CD25^+^ Regulatory T-Cell Isolation Kit (Miltenyi, Gaithersburg, MD) and were cultured in 24 well plates at a concentration of 3x10^5^ cells/ml per well. Cells were stimulated with CD3/CD28 T-cell activator Dynabeads (Life Technologies, Grand Island, NY) and were incubated with 50 ng/ml of recombinant human IL-2 (Peprotech) in IMDM (Life Technologies, Grand Island, NY) with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) and 100 μg/ml Penicillin/Streptomycin (Quality Biological, Gaithersburg, MD) in the presence of the indicated recombinant proteins.

Human peripheral blood was collected from healthy volunteers after informed consent on an IRB approved protocol. Peripheral blood mononuclear cells (PBMC) were prepared by centrifugation over lymphocyte separation medium (MP Biomedicals, Solon, OH) and contaminating red blood cells lysed with ACK lysis buffer (Quality Biological, Gaithersburg, MD). CD4^+^CD25^-^ T-cells were isolated using the human CD4^+^CD25^+^ Regulatory T-Cell Isolation Kit (Miltenyi, Gaithersburg, MD). Cells were cultured as stated previously in RPMI (Life Technologies, Grand Island, NY) with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) and 100 μg/ml Penicillin/Streptomycin (Quality Biological, Gaithersburg, MD) in the presence of the indicated recombinant proteins. Fold change was used to quantify human data as volunteers differed in age, health, and gender affecting baseline FoxP3 expression.

RNA extraction and real-time PCR {#sec007}
--------------------------------

Total RNA was collected from mouse T-cells cultured as described above. RNA was isolated using the RNAeasy Plus Mini Kit (Qiagen, Germantown, MD). cDNA was synthesized from 100 ng of total RNA using the SuperScript VILO cDNA synthesis kit (Life Technologies, Grand Island, NY) according to the manufacturer's recommendation. RT-PCR for FoxP3, IL-2, IL-6 and GAPDH transcripts was performed on a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA). Primers used are as follows: FoxP3 FAM-MGB (Mm00475162_m1), IL-2 FAM-MGB (Mm00434256_m1), IL-6 FAM-MGB (Mm00446190_m1) and GAPDH VIC-MGB (4352339E) (Life Technologies, Grand Island, NY). All PCRs were performed using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA). Relative gene expressions were normalized to GAPDH.

Flow Cytometric Analysis {#sec008}
------------------------

Seventy- two hours after plating, the cells were washed and resuspended in serum and azide free PBS (Life Technologies, Carlsbad, CA) and were stained with the eFluor 780 Viability dye (eBioscience, San Diego, CA) for 30 minutes at 4°C. Following washing, the cells were incubated with anti-mouse CD4-FITC (RM4-5) and CD25-APC (PC61.5) or with anti-human CD4-FITC (OKT4) (eBioscience, San Diego, CA) and CD25-PE (BD Biosciences, San Jose, CA) for 30 minutes at room temperature. A labeled isotype-matched control antibody was used as a control in these experiments. Cells were fixed and permeabilized using the FoxP3 Staining Buffer Set (eBioscience, San Diego, CA), and then stained with anti-mouse FoxP3-PE (FJK-16s), anti-human FoxP3-APC (236A/E7) (eBioscience, San Diego, CA) or anti-human LAP-PerCP-Cy5.5 (BD Biosciences, San Jose, CA). Human samples were gated for CD4 expression prior to gating for FoxP3 expression. Samples were run on a benchtop BD FACSCanto flow cytometer (BD Biosciences, San Diego, CA) and analysis was performed using FlowJo FACS analysis software (FlowJo LLC, Ashland, OR).

Cytokine and Chemokine Measurements {#sec009}
-----------------------------------

Secretion of TGF-β1 by the murine macrophage cell line RAW264.7 was determined as previously described \[[@pone.0158050.ref023]\]. To determine whether the observed increase in TGF-β1 secretion in RAW264.7 cells was mediated by a TGF-β1 positive feedback loop, cells were treated with PSG9N or the control protein in the presence of SB431542 or vehicle. The effects of PSG9 in the secretion of IL-2 and TGF-β1 in CD4^+^ T-cells, were studied in CD4^+^ T-cells isolated from the spleen of C57BL/6 mice using CD4^+^ T Cell Biotin Antibody Cocktail and Anti-Biotin Microbeads (Miltenyi, Gaithersburg, MD). Isolated CD4^+^ T-cells were seeded in 96-wells plates at 10^5^ cells/well and activated with 2.5 μl of CD3/CD28 T-cell activator Dynabeads (Life Technologies) in a 150 μl final volume of IMDM supplemented with 10% fetal clone III serum (HyClone, GE Healthcare), 50 ng/ml IL-2 and Penicillin/Streptomycin (to measure TGF-β1) or in IMDM with 10% fetal bovine serum and Penicillin/Streptomycin in the presence of the indicated recombinant proteins. Supernatants were collected at the indicated times and IL-2 and TGF-β1 (following acid activation) were measured by ELISA following the manufacturer's recommendations (R&D Systems, Inc). All treatments were performed in triplicate and three independent experiments were completed.

Cytokine panels were performed on supernatants from three-day cell culture of both mouse and human T-cells as described in the cell culture assays to study T~reg~ conversion methods as above. Cytokine and chemokine concentrations were measured using Luminex cytokine/chemokine multiplex immunoassay kits (R&D Systems, Minneapolis, MN) with the BioPlex System (Bio-Rad, Hercules, CA). Due to varying basal levels of cytokines in human supernatants from different donors, human cytokines levels are shown as fold change rather than absolute concentration.

Statistical analysis {#sec010}
--------------------

Prism software (GraphPad Software, La Jolla. CA) was used for all statistical analysis where appropriate. Data were analyzed using One-Way ANOVA or Two-Way ANOVA followed by Bonferroni post hoc analysis or the Student's *t* test to compare experimental groups. The type of test used for each data set is specified in the figure legend and all data are representative of at least three independent experiments. Unless otherwise indicated, graphical data represent the mean ± SEM.

Results {#sec011}
=======

PSG9-Fc binds to the SLC and LAP of TGFβ-1 {#sec012}
------------------------------------------

TGF-β1 is widely expressed in leukocytes and stromal cells, but unlike other cytokines that are produced in biologically active forms, TGF-β1 must undergo an activation process to mediate its effects. TGF-β1 is translated as an inactive pre-pro-TGF-β1 consisting of a signal peptide, the 250-residue latency associated peptide (LAP) and the 110-residue mature TGF-β1 peptide \[[@pone.0158050.ref024]\]. This latent form of TGF-β1, also known as the small latent complex (SLC), cannot bind to its receptors and signal until proteolytic cleavage or a conformational change in LAP exposes the mature TGF-β1 polypeptide \[[@pone.0158050.ref025]\]. To determine whether PSG9 interacts with TGF-β1, we generated recombinant PSG9 consisting of the leader peptide, the N, A1, A2 and B2 domains and the cytoplasmic tail followed by the Fc tag, which consists of the human IgG~1~ hinge, CH2 and CH3 domains as described under the materials and methods section. The recombinant protein, designated PSG9-Fc, has an approximate molecular mass of 80 kDa when separated on SDS-PAGE ([Fig 1B](#pone.0158050.g001){ref-type="fig"}). As a negative control protein for our studies, we used Fc-tagged CEACAM-9, which, like PSGs, is a member of the CEA family. The CEACAM9-Fc was generated and purified under identical conditions as PSG9-Fc \[[@pone.0158050.ref018]\] ([Fig 1B and 1C](#pone.0158050.g001){ref-type="fig"}).

We analyzed whether PSG9 can bind to the SLC using Surface Plasmon Resonance (SPR) analysis and defined the kinetics of the interaction between these proteins. SPR was also utilized to determine if PSG9 binds to LAP in the absence of the mature TGF-β1. In order to characterize the kinetics of the PSG9 interaction with LAP and the SLC of TGF-β1, we injected serial dilutions of PSG9 ranging from 0.25 to 6 μM over a blank, SLC or LAP biosensor surface and measure in real time the association (Ka) and dissociation (Kd) rates and binding constant (KD) for each interaction ([Fig 2A and 2B](#pone.0158050.g002){ref-type="fig"} and [Table 1](#pone.0158050.t001){ref-type="table"}). PSG9 presented similar binding constants for the interaction with LAP and the SLC of TGF-β1, 0.53 and 0.56 μM respectively, suggesting a direct interaction with LAP that is not affected by the presence of the active TFG-β1 peptide. As expected, the control protein, CEACAM-9, did not bind to LAP or the SLC of TGF-β1 ([Fig 2C](#pone.0158050.g002){ref-type="fig"}).

![PSG9 interacts with SLC and LAP of TGF-β1.\
Purified PSG9-Fc protein was injected at a concentration range from 0.25 to 6 μM over a CM5 sensor chip with immobilized SLC (A) and LAP (B) of TGF-β1. PSG9-Fc injection point is indicated with an arrow and the KD values for each interaction are shown. SPR sensograms for each response are shown as gray lines while fit analyses are shown as black lines. C. PSG9-Fc at 2 μM was incubated with the LSKL peptide antagonist of thrombospondin-1 or a control peptide (SLLK) before injection over a CM5 sensor chip with immobilized LAP. Sensogram for CEACAM9 injected over the LAP biosensor is also shown as a control. RU, response units.](pone.0158050.g002){#pone.0158050.g002}

10.1371/journal.pone.0158050.t001

###### Kinetic analysis of PSG9-Fc interaction with human SLC and LAP of TGF-β~1~.

![](pone.0158050.t001){#pone.0158050.t001g}

  ----------------------- ----------- ----------------------------------------------------- ----------------------------------------
  **LAP**                 **KD μM**   **K**~**a**~ **(mean ± SD) M**^**-1**^**s**^**-1**^   **k**~**d**~ **(mean ± SD) s**^**-1**^
  PSG9-Fc                 0.53        (1.30 ± 0.29) x 10^3^                                 (0.68 ± 0.09) x 10^−3^
  **Latent TGF-**β**1**   **KD μM**   **K**~**a**~ **(mean ± SD) M**^**-1**^**s**^**-1**^   **k**~**d**~ **(mean ± SD) s**^**-1**^
  PSG9-Fc                 0.56        (1.15 ± 0.24) x 10^3^                                 (0.65 ± 0.09) x 10^−3^
  ----------------------- ----------- ----------------------------------------------------- ----------------------------------------

The kinetic data shown in [Fig 2](#pone.0158050.g002){ref-type="fig"} for the interaction of PSG9-Fc with SLC and LAP were fit using a 1:1 Langmuir binding model for the estimation of the association (*k*~a~) and dissociation rates (*k*~d~) and dissociation constant (KD = *k*~d~/*k*~a~).

The best characterized activator of TGF-β1 is the matricellular protein TSP-1, which is contained in platelet α-granules and participates in wound healing and fibrosis \[[@pone.0158050.ref026]\]. Specific sequences in the type I repeats of TSP-1 interact with amino acids 54 to 57 (LSKL) at the N-terminus of LAP, altering the folding of LAP in relation to mature TGF-β1 and unmasking the receptor binding sites \[[@pone.0158050.ref027],[@pone.0158050.ref028]\]. To determine whether binding of PSG9 to LAP occurs via amino acids 54--57 in LAP, we performed SPR analysis in the presence of the LSKL peptide or a scrambled control peptide (SLLK). As shown in [Fig 2C](#pone.0158050.g002){ref-type="fig"}, pre-incubation of PSG9 with the peptides did not inhibit the interaction between PSG9 and LAP coated on the chip, indicating that PSG9 activates TGF-β1 through a different mechanism than TSP-1.

PSG9 activates the small latent complex of TGFβ-1 {#sec013}
-------------------------------------------------

To determine if the interaction of PSG9 with SLC results in activation of TGF-β1, we examined the generation of biologically active TGF-β1 using a sensitive and specific quantitative bioassay in which mink lung epithelial cells (MLECs) were stably transfected to express luciferase under the PAI-1 promoter \[[@pone.0158050.ref022]\]. When the SLC was incubated with PSG9 prior to addition of the MLECs, we observed a dose-dependent increase in luciferase activity, which was not observed upon incubation of the SLC with the control proteins CEACAM9-Fc ([Fig 3A](#pone.0158050.g003){ref-type="fig"}). To examine the specificity of the response, we performed similar experiments in the presence of the neutralizing anti- TGF-β1 antibody (1D11) or SB431542, a specific inhibitor of the TGF-β receptor I also known as ALK5. MLECs treated with PSG9 and SLC in the presence of either 1D11 or SB431542 failed to show an increase in luciferase activity while we observed a similar increase in luciferase activity when adding PSG9-Fc in presence of the control IgG or DMSO ([Fig 3C](#pone.0158050.g003){ref-type="fig"}). In addition, we observed that PSG9 can dose-dependently activate the SLC in a cell-free system as shown in [Fig 3C](#pone.0158050.g003){ref-type="fig"}.

![PSG9-Fc activates the SLC of TGF-β.\
(A) PSG9-Fc or control protein CEACAM9-Fc were incubated at the indicated concentrations with 50ng/mL of the SLC of TGF-β1 in DMEM-0.1% ITS media and added to luciferase reporter cells (MLEC). Media containing the SLC of TGF-β1 in absence of protein was used as a control and designated as medium. The level of mature TGF-β1 in treated MLECs was estimated based on luciferase activity (RLU: relative light units) and is expressed as pg/ml of TGF-β1 following conversion of RLU using rTGF-β1 to generate a standard curve as shown. (B) PSG9-Fc or control protein CEACAM9-Fc were incubated with SLC as indicated in A. Prior to incubation with MLECs, 60 μg/ml of the pan TGF-β neutralizing 1D11 mAb or 5 μM of the TGF-β receptor I kinase inhibitor SB4315422 or the indicated controls were added to the mix. The standard curve generated following incubation of the cells with r TGF-β1 for the conversion of RLU to pg/ml of TGF-β1 is shown (C) PSG9-Fc or the control protein FLAG-Fc, were incubated at increasing concentrations with 50 ng/mL of the SLC of TGF-β1 for 1 h at 37^°^C. ELISA plate coated with anti- TGF-β1 antibody was used to detect active TGF-β1 levels in the samples as described in Materials and Methods. Mean ± SEM values are shown and Student's *t*-test was employed for statistical analysis. All treatments were performed in triplicate wells with one representative experiment of three independent repeats shown.](pone.0158050.g003){#pone.0158050.g003}

The N-terminal domain of PSG9 induces TGF-β1 in RAW264.7 macrophages but not in CD4^+^ T-cells {#sec014}
----------------------------------------------------------------------------------------------

It has been shown previously that the N-terminal domain of PSG1 mediates the ability of PSG1 to induce TGF-β1 secretion in macrophages and that amino acids L~41~H~42~Y~43~H~44~ in the exposed CC' loop of the N-domain of the protein are essential for this activity \[[@pone.0158050.ref023],[@pone.0158050.ref029]\]. Because the amino acids LHYH are conserved in PSG9, we tested the capacity of the PSG9 N-terminal domain (PSG9N) to induce TGF-β1 secretion from the RAW264.7 macrophage cell line ([Fig 4A](#pone.0158050.g004){ref-type="fig"}). RAW264.7 cells treated with PSG9N-Fc produced TGF-β1 in a dose-dependent manner ([Fig 4B](#pone.0158050.g004){ref-type="fig"}). When RAW264.7 cells were treated with PSG9N in the presence of SB-431542, we observed a significant increase in TGF-β1 in the cell supernatant when compared to protein-control treated cells, indicating that the observed increase in TGF-β1 is not due to a positive feedback loop (data shown in [S3 File](#pone.0158050.s003){ref-type="supplementary-material"}). We then tested whether PSG9N-Fc could induce the secretion of TGF-β1 from activated CD4^+^ T-cells. To this end, purified mouse splenic CD4^+^ T-cells were activated with CD3/CD28 T-cell activator Dynabeads and treated with 6 and 12 μg/ml of PSG9N-Fc for 24, 48 and 72 h in the presence of IL-2. There was no difference in the amount of TGF-β1 in the cell supernatant collected from the PSG9N-treated and protein control-treated cells (data not shown). Similar results were obtained upon treatment of CD4^+^ human T-cells isolated from human peripheral blood of three donors activated with CD3/CD28 T-cell activator Dynabeads in the presence of 12 μg/ml of PSG9N-Fc or control protein and analyzed at 72 h post-treatment ([Fig 4C](#pone.0158050.g004){ref-type="fig"}). Therefore, while the N-terminal domain of PSG9 induces the secretion of TGF-β1 from macrophages, it does not increase the secretion of TGF-β1 from activated human CD4^+^ T-cells.

![PSG9N induces TGF-β1 secretion from macrophages but does not from CD4^+^ T-cells.\
(A) Recombinant PSG9N-Fc and FLAG-Fc produced in CHO-K1 cells were purified on a protein A column and loaded onto a 4--20% NuPAGE gel. The gel was stained with GelCode Blue to visualize the proteins. (B) TGF-β1 secretion following incubation of the macrophages cell line RAW264.7 with increasing concentrations of PSG9N-Fc or control protein. TGF-β1 was measured in the supernatants by ELISA 24 h post-treatment. (C) TGF-β1 secretion of anti-CD3/CD28-activated CD4^+^ human T-cells isolated from three different donors following incubation with 12 μg/ml of PSG9N-Fc or control protein. TGF-β1 was measured in the supernatants by ELISA 72 h post-treatment. Mean ± SEM values are shown and Student's *t*-test was employed for---statistical analysis.](pone.0158050.g004){#pone.0158050.g004}

PSG9 converts naive CD4^+^ T-cells into FoxP3^+^ Regulatory T-cells in a TGF-β1 -dependent manner {#sec015}
-------------------------------------------------------------------------------------------------

The TGF-β1 downstream transcription factor SMAD3 mediates Foxp3 induction and IL-2 suppression \[[@pone.0158050.ref030]--[@pone.0158050.ref032]\]. Therefore TGF-β1 is essential for the maintenance of expression of the transcription factor Foxp3, suppressor function of T~regs~ and survival of peripherally-derived regulatory T-cells \[[@pone.0158050.ref033]\]. Because PSG9 was able to induce activation of latent TGF-β1 and activated CD4^+^ T-cells secrete latent TGF-β1, we hypothesized that PSG9 might be sufficient to promote the conversion of naïve CD4^+^ T-cells into Foxp3-expressing T-cells. To determine this, we isolated naïve (CD4^+^ CD62^+^) T-cells from the spleens of Foxp3-IRES-GFP knock-in mice that express a functional GFP only when the Foxp3 gene is transcriptionally active \[[@pone.0158050.ref034]\]. Treatment of these cells with PSG9 following stimulation with anti-CD3 and anti-CD28 antibodies resulted in an increase of GFP-expression over cells treated with control Flag protein in a dose-dependent manner without affecting cell viability as determined with the eFluor 780 Viability dye ([Fig 5A](#pone.0158050.g005){ref-type="fig"} and data not shown). The increase in the percentage of GFP-expressing cells was not observed when the cells were treated with PSG9 in the presence of the TGFβ receptor I inhibitor SB431542 ([Fig 5B and 5C](#pone.0158050.g005){ref-type="fig"}), indicating this response was TGF-β1 dependent. In addition, we observed an increase in FoxP3 expression at the mRNA level in the PSG9-treated cells when compared with control Flag-treated cells (data not shown). We next examined if PSG9 was also able to increase FoxP3 expression in human T-cells. Human CD4^+^ T-cells isolated from peripheral blood were incubated with the indicated proteins in the presence of IL-2, and FoxP3 expression was measured by flow cytometry. As observed for naïve mouse T-cells, PSG9 increased FoxP3 expression in human T-cells in a dose-dependent and TGF-β1 specific manner ([Fig 5D--5F](#pone.0158050.g005){ref-type="fig"}).

![PSG9 converts murine and human naive CD4^+^ T-cells into FoxP3^+^ cells in a TGF-β dependent manner.\
(A) T-cells isolated from the spleens of FoxP3-GFP transgenic mice were stimulated with T-cell activator Dynabeads in the presence of IL-2 and increasing concentrations of PSG9-Fc or FLAG-Fc control and analyzed at 72 h for GFP expression. P \< 0.0005. (B) Naive mouse CD4^+^ T-cells were treated with PSG9-Fc or FLAG-Fc in the presence of SB-431542 or vehicle (DMSO) and analyzed as in A. (C) Graphical representation of the flow cytometry data shown in part (B). P \< 0.0001. D) CD4^+^ naive T-cells isolated from peripheral blood were stimulated with human T-cell activator Dynabeads in the presence of IL-2 and increasing concentrations of PSG9-Fc or control protein. Analysis was performed 72 h after activation. Cell populations were gated on viable CD4^+^CD25^+^ cells and were stained with APC-labeled anti-human FoxP3antibody. P \< 0.0001. (E) Naive human CD4^+^ T-cells were treated with PSG9-Fc or FLAG-Fc in the presence of SB-431542 or DMSO, and analyzed at 72 h by flow cytometry for FoxP3 expression. (F) Graphical representation of the flow cytometer data shown in part (E). P \< 0.0005. Cells were initially gated on viability, followed by gating on CD4 and FoxP3 (human) or GFP expression (mouse). The data shown are representative of at least three independent experiments performed in triplicate. P-values were calculated using one-way ANOVA (B, D and E) and two-way ANOVA (A).](pone.0158050.g005){#pone.0158050.g005}

The LAP/TGF-β1 complex is found on the cell membrane of some immune cells, including regulatory T-cells \[[@pone.0158050.ref035],[@pone.0158050.ref036]\]. We found that upon treatment with PSG9, human FoxP3^+^ regulatory T-cells did not show an increase in LAP expression ([Fig 6A](#pone.0158050.g006){ref-type="fig"}). Interestingly, we observed an increase in CD4^+^LAP^+^FoxP3^-^ cells, a recently discovered novel subset of regulatory T-cells ([Fig 6B](#pone.0158050.g006){ref-type="fig"}) (23). Therefore, PSG9 induces immune tolerance not only through induction of FoxP3 expression in naive CD4+ T-cells but is also able to induce the differentiation of a suppressive LAP^+^FoxP3^-^ T-cell subset.

![PSG9 induces the expression of a CD4^+^LAP^+^FoxP3^-^ regulatory T-cell subset.\
(A) Human CD4^+^ naive T-cells were isolated from peripheral blood and plated with human T-cell CD3/CD28 T-cell activator Dynabeads in the presence of IL-2 and PSG9 or FLAG control protein. Expression of CD4^+^FoxP3^+^LAP^+^ cells was analyzed at 72 h. (B) Graphical representation of the flow cytometry data shown in part C, P \< 0.05 (C) PSG9 induces increased LAP expression on the surface of CD4^+^ FoxP3^-^ cells. Data shown are representative of at least three independent experiments and P values were calculated using the Student's *t*-test.](pone.0158050.g006){#pone.0158050.g006}

PSG9 inhibits IL-2 expression by CD4^+^ T-cells {#sec016}
-----------------------------------------------

Suppression of IL-2 production by CD4^+^ T-cells is an important process mediating immune regulation by TGF-β1 \[[@pone.0158050.ref037]\]. In accordance with the increased availability of active TGF-β1 mediated by PSG9, we found that PSG9 inhibited the secretion of IL-2 by activated murine CD4^+^ T-cells measured in culture supernatants at 72 h post treatment ([Fig 7A](#pone.0158050.g007){ref-type="fig"}). When these same cells were treated with PSG9 combined with SB431542, IL-2 secretion was unaltered, showing that the PSG9-mediated IL-2 suppression is TGF-β1 dependent ([Fig 7B](#pone.0158050.g007){ref-type="fig"}). As shown by qRT-PCR, PSG9 inhibited IL-2 expression at the transcriptional level and it also inhibited the expression of IL-6, a cytokine that inhibits the generation of FOXP3^+^ T~regs~ cells induced by TGF-β1 ([Fig 7C](#pone.0158050.g007){ref-type="fig"})\[[@pone.0158050.ref038],[@pone.0158050.ref039]\].

![Administration of PSG9 to naive mouse CD4^+^ T-cells inhibits IL-2 expression.\
(A) Cells collected from normal C57BL/6 mouse spleens were treated with equimolar concentration of PSG9 or FLAG control protein and activated with mouse CD3/CD28 T-cell activator Dynabeads. IL-2 levels were determined by ELISA 72 h after activation. P value was calculated using the Student's *t*-test, P \< 0.0001. (B) Cells were collected, activated, and treated with FLAG or PSG9 as in A in presence of a TGF-β receptor I inhibitor (SB431542) or vehicle (DMSO). IL-2 levels were measured in the supernatant by ELISA 72 h after activation. P value was calculated using one-way ANOVA, P \< 0.0001. (C) IL-2 and IL-6 mRNA levels were evaluated by RT-PCR from mouse naive CD4^+^ T-cells treated with PSG9 or media. P value was calculated using the Student's *t*-test, P \< 0.005. Data shown are representative of at least three independent experiments.](pone.0158050.g007){#pone.0158050.g007}

PSG9 treatment of naive T-cells induces a more tolerogenic cytokine profile {#sec017}
---------------------------------------------------------------------------

The expression of pro-inflammatory cytokines is a common aspect of autoimmune disorders and is associated with the increased proliferation of cytotoxic T-effector cells, a cell type associated with reduced immune tolerance \[[@pone.0158050.ref040],[@pone.0158050.ref041]\]. Aberrant and persistent production of pro-inflammatory cytokines and chemokines can lead to a variety of pregnancy disorders including pre-term birth, fetal growth restriction and preeclampsia and therefore we focused on determining whether PSG9 is able to reduce their expression \[[@pone.0158050.ref042]\]. We measured cytokine levels in supernatants from naive mouse CD4^+^ T-cells and human T-cells stimulated *in vitro* using a cytokine/chemokine multiplex immunoassay. We found that after treatment of cells with PSG9, there was a significant reduction in several pro-inflammatory cytokines ([Fig 8](#pone.0158050.g008){ref-type="fig"}). All seven of these cytokines were significantly reduced in cell supernatants treated with PSG9. In addition, IL-2 was reduced with PSG9 treatment, correlating with our previous experiments. Finally, we observed that the cytokine IL-9 was significantly increased in PSG9 treated cells ([Fig 8A](#pone.0158050.g008){ref-type="fig"}, last panel). IL-9 produced by T~regs~ has been shown to be essential for mast cell recruitment to tolerant tissue and promotes graft tolerance in solid organ transplants \[[@pone.0158050.ref043]\].

![Pro-inflammatory cytokine expression is reduced upon T-cell treatment with PSG9.\
Supernatants from naive CD4^+^ mouse (A) or human (B) T-cells were collected 72 h after activation and treatment with PSG9 or FLAG. Cytokine concentrations were measured using multiplex immunoassay kits with the Bioplex system. P values were calculated by Student\'s *t*-tests. \*P\<0.05, \*\*P\<0.005, \*\*\*P\<0.0005, \*\*\*\*P\<0.0001.](pone.0158050.g008){#pone.0158050.g008}

Discussion {#sec018}
==========

TGF-β1 knockout mice have been shown to have reduced survival and excessive inflammatory responses \[[@pone.0158050.ref044]\]. Additionally, FoxP3 loss-of-function in both humans and mice results in fatal systemic immune mediated tissue damage \[[@pone.0158050.ref045]--[@pone.0158050.ref047]\]. Active TGF-β1 is essential for the differentiation of FoxP3^+^ regulatory T-cells, which are in turn crucial for maintenance of immune tolerance during pregnancy and prevention of autoimmune reactions \[[@pone.0158050.ref048]\]. In this study, we describe the interaction of recombinant PSG9 with TGF-β1 and show that this placental protein has the ability to induce regulatory T-cells through a TGF-β-dependent mechanism, suggesting its role as an immune regulator and its potential use as a novel therapeutic agent for pathologies caused by excessive and undesired immune activation.

SPR technology has been successfully used to study the interaction of TGF-β with its cognate receptors and of the mature TGF-β1 polypeptide with LAP \[[@pone.0158050.ref049],[@pone.0158050.ref050]\]. We used the same technology to examine the interaction of PSG9 with LAP and the SLC of TGF-β1 and explored the ability of PSG9 to activate latent TGF-β1. We observed that PSG9 directly binds to LAP and to the SLC of TGF-β1, showing similar binding kinetics for both, revealing that the presence of TGF-β1 in the SLC complex does not affect the PSG9-LAP interaction. The SPR experiments reported here also revealed that PSG9 composed of the four domains (N, A1, A2, and B2) and fused to the Fc portion of human IgG1 binds very stably to LAP, with the affinity of the PSG9-LAP interaction estimated in 0.5 μM. The dissociation constant for PSG9 with LAP was also found to be small (kd = 0.53 μM), resulting in prolonged half-life time for the PSG9-LAP complex. Further, we found that PSG9 does not bind to LAP via the same amino acid sequence as TSP-1, indicating that PSG9 activates TGF-β1 through a different mechanism than TSP-1.

The results presented in [Fig 3](#pone.0158050.g003){ref-type="fig"} show that PSG9 activates the SLC of TGF-β1 in a dose-dependent manner using two different strategies, one based on an ELISA that only detects the active form of the cytokine and the well-characterized luciferase reporter cell line (MLEC) that allows quantification of active TGF-β1. Therefore PSG9 can activate the latent complex that is not anchored to the extracellular matrix, as required by other activators of this cytokine, and could also potentially interact with the large latent complex (LLC) of TGF-β1 which constitutes an anchored reservoir of the latent form of this cytokine \[[@pone.0158050.ref051],[@pone.0158050.ref052]\].

The N-domain of PSG1 induces the secretion of latent TGF-β1 from macrophages and the amino acids L~41~Y~42~H~43~Y~44~ in the CC' loop in this domain are required for this activity \[[@pone.0158050.ref023]\]. These amino acids are conserved in the N-domain of PSG9 and therefore it was not surprising to find that treatment of the macrophage cell line RAW264.7 with a recombinant protein consisting of the N-domain of PSG9 (PSG9N-Fc) had the same activity. Pharmacological inhibition of the TGF-β receptor ALK 5 did not inhibit the PSG9N-mediated increase in TGF-β secretion by RAW264.7 cells. Therefore autostimulation by TGF-β is not involved in the observed response. On the other hand, the possibility exists that, following activation of latent TGF-β by full length PSG9, the active form of the cytokine could be involved in a positive feedback loop resulting in even higher secretion of TGF-β by macrophages than what is observed upon treatment with the N-domain of the protein. We previously reported that the B2-domain of another human PSG family member, PSG1, binds to LAP of TGF-β1 with much higher affinity when compared to the other domains of the protein \[[@pone.0158050.ref023]\]. While we have not determined whether the B2 domain of PSG9 is the major domain responsible for the ability of PSG9 to activate TGF-β1, we observed that while the protein composed of only the N-domain was able to activate TGF-β1 as measured by the TGF-β luciferase reporter cell line, it did so at much higher concentrations than the full length protein. This strongly suggests that at least one other domain of the protein is implicated in this PSG9 function. We expanded these studies to determine whether PSG9N-Fc could induce the secretion of TGF-β1 from activated mouse and human CD4^+^ T-cells. As expected, we found that activated CD4^+^ T-cells secrete latent TGF-β1 but the amount of TGF-β1 produced by the cells was not further increased by the addition of PSG9N-Fc. At this time, since the receptor for the N-domain of PSG9 that mediates the action of this protein in macrophages remains to be identified, we cannot determine whether the potential absence of the receptor or difference in the signaling events following its engagement are responsible for the inability of this protein to induce the secretion of TGF-β1 by CD4^+^ T-cells.

TGF-β1 is essential for the differentiation of FoxP3^+^ regulatory T-cells, which are crucial for maintenance of immune tolerance and prevention of autoimmune reactions \[[@pone.0158050.ref053]\]. Although PSG9 is not able to induce additional secretion of TGF-β1 by CD4^+^ T-cells, we observed that PSG9 is able to activate latent TGF-β1. Consequently we hypothesized that PSG9 might be sufficient to promote the conversion of naïve CD4^+^ T-cells into Foxp3-expressing regulatory T-cells. Naïve CD4^+^ T-cells isolated from the spleen of Foxp3-IRES-GFP knock-in mice and CD4^+^CD25^-^T-cells isolated from peripheral blood of healthy volunteers were employed to test this hypothesis. We found that treatment of cells with PSG9 increased the percentage of CD4^+^FoxP3^+^ expressing cells and that this increase was dose and TGF-β1-dependent as it did not occur in the presence of the TGF-β receptor I inhibitor SB431542. In addition, we found that PSG9 increased the percentage of human CD4^+^ T-cells expressing cell surface LAP. CD4^+^ Foxp3 ^-^LAP^+^ regulatory T-cells are highly dependent on TGF-β1 and have been shown to block allergic inflammation of the lungs \[[@pone.0158050.ref020],[@pone.0158050.ref054]\].

TGF-β suppresses the transcription of IL-2 in T-cells induced by TCR signals, which constitutes an important process of immune regulation mediated by this cytokine \[[@pone.0158050.ref037]\]. We found that murine activated CD4^+^ T-cells treated with PSG9 secreted lower amount of IL-2 than protein control- or media only- treated cells. Once more, this PSG9 activity was dependent on the generation of active TGF-β1 and was dose-dependent. Furthermore, we observed that suppression of IL-2 secretion was not the result of consumption of the cytokine by the cells but the result of inhibition of transcription. We then explored whether PSG9 treatment could regulate the secretion of other pro-inflammatory chemokines and cytokines by murine and human activated T-cells. We found that several pro-inflammatory cytokines, including TNF-α, IFNγ and the chemokines CCL2 and CCL-4, were reduced in cells treated with PSG9. In addition, IL-9, an important anti-inflammatory cytokine, was increased in mouse cells treated with PSG9. Overall, PSG9 is able to prevent increases in pro-inflammatory cytokine release in human and mouse cells and promoted the levels of tolerance-inducing IL-9 in mice.

Our results show that PGS9 activates TGF-β1 and increases the number and percentage of CD4^+^ T-cells with regulatory function, further supporting the role of PSG9 in immune tolerance. These observations suggest that PSG9 should be considered as a novel candidate for the treatment of autoimmune diseases and for the establishment of immune tolerance.

Supporting Information {#sec019}
======================

###### Data sets for Figs [3](#pone.0158050.g003){ref-type="fig"}--[8](#pone.0158050.g008){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### Data set for [Fig 2](#pone.0158050.g002){ref-type="fig"}.

(PPTX)

###### 

Click here for additional data file.

###### Data set for supporting information.

RAW264.7 cells were treated with PSG9N in the presence of SB-431542, and showed a significant increase in TGF-β1 in the cell supernatant when compared to protein-control treated cells, indicating that the observed increase in TGF-β1 is not due to a positive feedback loop. Additional supporting information for FACS data for Figs [5](#pone.0158050.g005){ref-type="fig"} and [6](#pone.0158050.g006){ref-type="fig"} is available at <https://figshare.com/s/dea1406c002c1d6ea7d8>.
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